We present energy-resolved angular distributions of photoelectrons generated in above-threshold ionization (ATI) of nonaligned diatomic molecules N 2 and O 2 in high-intensity short laser pulses, with emphasis on the most energetic part of the spectra. The angular distribution for photoelectrons with energy of 10U p (U p : ponderomotive energy), i.e., the plateau cutoff in ATI spectra, is found to be broader in O 2 than in N 2 . Resorting to the analyses from both an S-matrix theory and an intuitive semiclassical model, we attribute the observation to the effect of the ground state molecular orbital structure on high-energy electron emission in strong-field molecular ionization. DOI: 10.1103/PhysRevLett.104.203001 PACS numbers: 33.80.Rv, 33.80.Wz, 42.50.Hz When an atom or molecule interacts with an optical field of peak intensity around 10 14 W=cm 2 , the outmost electron is first tunnel ionized, accelerated in the oscillating electric field of the laser, and may be driven back to its parent ion. This recolliding process, being the core ingredient of the rescattering scenario [1], has initiated many interesting laser-induced phenomena. Among them, imaging the dynamics of complex molecules with the help of the recolliding electron current, has attracted a lot of attention in the strong-field physics community [2] . Recently, it was reported that the outmost molecular orbital of the N 2 molecule can be extracted from the high-order harmonic generation spectra using the tomographic procedure [3] . Therein, structural information of the molecule may be extracted from the recombination process of the recolliding electron with its parent ion.
We present energy-resolved angular distributions of photoelectrons generated in above-threshold ionization (ATI) of nonaligned diatomic molecules N 2 and O 2 in high-intensity short laser pulses, with emphasis on the most energetic part of the spectra. The angular distribution for photoelectrons with energy of 10U p (U p : ponderomotive energy), i.e., the plateau cutoff in ATI spectra, is found to be broader in O 2 than in N 2 . Resorting to the analyses from both an S-matrix theory and an intuitive semiclassical model, we attribute the observation to the effect of the ground state molecular orbital structure on high-energy electron emission in strong-field molecular ionization. When an atom or molecule interacts with an optical field of peak intensity around 10 14 W=cm 2 , the outmost electron is first tunnel ionized, accelerated in the oscillating electric field of the laser, and may be driven back to its parent ion. This recolliding process, being the core ingredient of the rescattering scenario [1] , has initiated many interesting laser-induced phenomena. Among them, imaging the dynamics of complex molecules with the help of the recolliding electron current, has attracted a lot of attention in the strong-field physics community [2] . Recently, it was reported that the outmost molecular orbital of the N 2 molecule can be extracted from the high-order harmonic generation spectra using the tomographic procedure [3] . Therein, structural information of the molecule may be extracted from the recombination process of the recolliding electron with its parent ion.
Alternatively, laser-induced electron diffraction for imaging molecules was proposed a decade ago [4] and different strategies have been thereafter suggested to extract the molecular structure from photoelectron spectra recorded with ultrashort intense laser pulses [5, 6] . More recently, it was proposed that the backscattering highenergy photoelectrons may be most suitable for imaging molecules [7] . For atoms, it has been experimentally demonstrated that the ion-electron differential scattering cross section can be extracted from the angle-resolved spectrum of the rescattered electron [8] . A more elaborate experiment on aligned molecules has revealed the energy dependence of the differential cross sections based on a comprehensive analysis of the rescattering kinematics [9] .
In this Letter, we present angle-resolved photoelectron energy spectra of nonaligned diatomic molecules N 2 and O 2 , analyzing the effect of molecular orbital structure on high-energy photoelectron emission in strong-field molecular ionization. Note that the role of molecular orbital structure in ionization behavior of nonaligned molecules has been extensively addressed during the last decade. However, most studies were focused on the total ion yield [10] or the low-energy electron part [11] . Recent theoretical study has been performed on angular distribution (AD) of high-energy electrons for aligned molecules and distinct electron emission patterns have been revealed for N 2 and O 2 due to the different structure of their ground state molecular orbits [12] . On the other side, experiments have been attempted along this direction [13, 14] ; however, no clear evidence has been found to be related to the molecular orbital structure effect.
Our analysis here relies on the extraction and comparison of the AD for the most energetic electrons, i.e., those electrons with energy of 10U p , which resides in the plateau cutoff regime in photoelectron spectra. Our data show a broader AD for those electrons in O 2 than in N 2 . Calculations from both S-matrix formalism based on strong-field approximation (SFA) and simple semiclassical model are able to reproduce the experimental observation and unveil the role of the molecular orbital structure in the high-energy electron emission.
In our experiments, a commercial 1 kHz femtosecond Ti:sapphire laser system (Legend L-USP, Coherent Inc.) is used. The system delivers pulses with energies up to 1 mJ,
week ending 21 MAY 2010 pulse duration of 35 fs and a central wavelength of 800 nm. The homebuilt photoelectron spectrometer is based on the time-of-flight principle and has been described in detail previously [15] . The base pressure of the spectrometer is maintained below 10 À8 mbar and the sample gases are fed into the interaction chamber through a leak valve. No attempt is made to align the molecules. Photo-ionized electrons are detected by microchannel plates and recorded by a multihit time-to-digital converter. In order to obtain the energy-resolved AD, the photoelectron energy spectra are recorded as a function of the angle between the spectrometer axis and the laser polarization direction, which is rotated using a computer-controlled achromatic half-wave plate.
In Figs. 1(a) and 1(b), the angle-resolved photoelectron energy spectra for N 2 and O 2 at laser intensity of 8 Â 10
13 W=cm 2 are presented. For comparison, we also show in Fig. 1 (c) the spectrum for Xe, for which a pronounced side lobe appears at intermediate electron energies, in agreement with previous measurements [16, 17] . Comparing the overall feature of the ADs in molecules with that in atomic Xe, it is clear that, for the electrons in a broader intermediate energy range (15 to 40 eV), the distributions in molecules are much broader. Similar finding has been reported recently by Cornaggia et al. [13] and was attributed to a larger differential elastic cross section for forward-rescattered electrons by the molecular potential. Our results further suggest that this may be a universal feature for simple molecules.
In the following we will focus on the AD for the electrons with energy of 10U p , i.e., the cutoff of the ATI plateau. In a classical picture, these electrons were initially ionized from the target near a phase of 17 after the field maximum, returning with an energy near 3:17U p and backscattered upon the parent ion core with a final energy of 10U p . The results are shown in Fig. 2 (a) for Xe, N 2 , and O 2 . It is found that for N 2 and Xe, their electron yields decrease monotonically with the increase of the emission angle with respect to the laser polarization direction. In contrast, for O 2 , one sees that the electron yield hardly changes for small emission angles and only drops at larger emission angles. We note that while this broader AD at 10U p for O 2 is slightly dependent on the exact energy chosen, the major features are not.
Below we will show that this rather large high-energy back-rescattered electron emission probability at small angles off the laser polarization direction in O 2 can be ascribed to the effect of the molecular orbital structure on molecular ionization, based on the analysis from both an S-matrix theory and an intuitive semiclassical model.
The S-matrix formalism used here is an extension of the model previously employed in high-order ATI of atom [18] , with the symmetry of the ground state molecular orbital incorporated. In brief, the differential ionization rate of a molecule in an intense laser field, within the framework of S-matrix theory, can be written as
where
with T d the direct and T r the rescattering ATI transition matrix elements. Especially, the rescattering term T r is
where V e is the normalization volume of the field, u p ¼ U p =!, j 0 is the minimum photon number required by the electron to be ionized, q is the absorbed photon number for the transition between the initial and final
where I p is the ionization threshold. zero-range potential [20, 21] . In Fig. 2(b) , we present the AD of the ionized electron with energy of 10U p for N 2 , O 2 molecules and Xe atom, calculated with the above formalism. The results for molecules have been averaged over the random orientation of the internuclear axis. To compare directly with the data, all of the calculations have also been averaged over the spatial distribution of intensity within the laser focus. One can find that the AD for O 2 is wider than N 2 and Xe, which is qualitatively in agreement with the data shown in Fig. 2(a) .
To gain further physical insight, we employ a simple semiclassical model to account for the different behavior in the AD for molecular N 2 and O 2 and demonstrate how the molecular structure affects the AD of most energetic electrons. In this model, an electron ensemble is subject to a laser pulse EðtÞ ¼ E 0 sin!t, where E 0 is the peak laser field amplitude and ! the laser angular frequency. The electrons reach the continuum via tunneling with a vanishing longitudinal velocity but nonzero transverse velocity. The initial tunneling times t 0 are uniformly distributed over one half optical cycle. In the atomic case, the electron ejection probability per unit time can be defined as wðt 0 ; ? Þ ¼ wðt 0 Þwð ? Þ, where wðt 0 Þ is the tunneling rate [22] and wð ? Þ the transverse velocity distribution [23] . After tunnel ionization, the electrons will propagate under the influence of only the laser field. Some of them may return to the site of their release at t 1 > t 0 , elastically scatter upon the ion core and further accelerate in the laser field, forming the ATI plateau. This model has been previously used to explain the main features observed in ATI of atoms, such as the 10U p cutoff of high-energy plateau and the side lobes in the AD [24] . Here we extend this model to molecules.
In the molecular case, the dependence of the tunneling ionization on molecular alignment has to be considered and therefore the ionization probability for each electron trajectory may be written as wðt 0 ; ; ? Þ ¼ wðt 0 Þwð; ? Þ, where denotes the angle between the polarization axis of the ionizing field and the internuclear axis. Note that for this case, the quantum-mechanical transverse velocity distribution wð; ? Þ is dependent on the alignment angle and closely related to the molecular orbital structure.
Within this model, the 10U p part in the photoelectron spectrum comes from the electrons that tunnel at the phase of about 107 and backscatter by the core upon return with maximal kinetic energy of 3:17U p at the phase of about 270
. In other directions than the laser electric field (the emission angle of the electron with respect to the field direction is still small), mainly two kinds of trajectories contribute to the 10U p part: one corresponds to the electron that returns to the core with the maximal kinetic energy but scattered to other directions. Simple semiclassical calculation shows that the final energy E f k this electron can acquire from the field is less than 10U p . However, the energy gap of (10U p À E f k ) may be compensated by its initial momentum perpendicular to the field direction when the electron tunnels out. The other one corresponds to the electron returning to the core with kinetic energy less than 3:17U p . No matter into which direction the electron will be scattered by the core, the final energy it can acquire is less than 10U p and once again, the gap can be compensated by its initial perpendicular momentum. The 10U p part in the spectrum therefore consists of those electrons emitted at various tunneling times and initial perpendicular momenta.
The calculated ADs of Xe, N 2 , and O 2 for 10U p electrons with this model are shown in Fig. 2(c) . In general, the results reproduce well both experimental data and the S-matrix result, and especially the broader distribution of O 2 compared with that of Xe and N 2 .
The difference of the ADs between O 2 and N 2 can be traced to the dependence of wð; ? Þ on the ground state molecular orbital structure. In Fig. 3 , we show the AD (corresponding to the initial perpendicular momentum distribution) of the tunneled electron for N 2 and O 2 at various alignment angles . The solid curves in Fig. 3 are calculated with the S-matrix theory [10] , while the dashed curves correspond to the fitting of the solid ones obtained using appropriate wð; ? Þ employed in the above semiclassical model to account for the molecular alignment influence on molecular ionization. From Fig. 3 , one finds that, at different molecular alignment angles, the AD from O 2 is quite different from that in N 2 , while the latter is very similar to atomic Xe (calculation not shown here) except at large alignment angles.
For example, when the molecular internuclear axis is aligned along the laser field, the ionization probability is maximal along the field direction for N 2 . While for O 2 , the maximal electron emission lies at an angle of $30
off the laser field due to its antibonding g orbital. When the alignment angle increases, for O 2 , the maximum of the AD tends to the field direction, coincides with it at around 30 and diverges from it again when the alignment angle is larger than 45 , while for N 2 , this maximum coincides with the field direction and only diverges from it at very large alignment angles close to 90 . The broader AD of 10U p electrons for O 2 compared with N 2 and atomic Xe can thus be understood as follows: as shown in Fig. 3 , for most of the alignment angles in N 2 , the AD of the tunneled electron decreases fast with angle. This corresponds to that the weight of the electron trajectory, wð; ? Þ decreases fast with increasing perpendicular momentum. In contrast, for O 2 , the AD increases with angle in a wide range of alignment angles, corresponding to that wð; ? Þ increases with increasing ? . Therefore, after averaging over the alignment angles, the emission probability of the 10U p photoelectron decreases fast for N 2 but much more slowly for O 2 when the ejection angle increases, resulting in a broader AD in O 2 than N 2 . The similarity between N 2 and Xe is due to the fact that, though the AD of N 2 at large alignment angles (see Fig. 3 ) is different from that of Xe, it has negligible influence on the high-energy photoelectron emission because the total ionization rate of N 2 at large alignment angle is far less than that at small alignment angles [19] . The marked difference in the 10U p photoelectron angular distribution for O 2 and N 2 goes away for lower electron energies, because many other trajectories contribute, which return with different energies and scattered into different directions.
In conclusion, the energy-resolved ADs of photoelectrons from strong-field ATI of diatomic molecules are investigated and a broader AD for the most energetic (10U p ) electrons is found in O 2 than in N 2 . Our analysis shows that this finding is closely related to the ground state molecular orbital structure, implying that angle-resolved high-order ATI spectra may be used for a detailed analysis of the properties of molecular systems.
We thank W. Becker for many useful discussions. Note added.-After submission of this Letter, a very similar work was published [25] . Therein, a suppression of electrons with intermediate energy of about 5U p along laser field polarization for O 2 was found and ascribed to the destructive interference from various types of electron orbits with the help of an S-matrix treatment [12] . It should be noted that such a suppression is not observed in our data, pointing to the fact that this feature is rather sensitive to the laser parameters [14, 25] . On the other side, in our calculation, minimums of the electron yield along the laser polarization for both O 2 and N 2 have been found at certain values of the laser intensity and the electron energy after averaging over the molecular orientation. However, after focal averaging, these minimums do not survive and only the comparatively broader AD of energetic electrons for O 2 is preserved as the main feature. Therefore it seems that the two-source double-slit interference as discussed in [25] is not relevant to our observation of the broader AD in O 2 . More details will be given elsewhere [26] . Here we just mention that, theoretically, two different gauges (length gauge in [25] and velocity gauge in ours [20, 21] ) are adopted in the two works. Moreover, in our computation, the photoelectron emission probability for each alignment angle has been integrated over the azimuthal angles to consider three-dimensional distribution of the molecular orientation, in contrast to that a two-dimensional planar geometry is considered in the calculation of [25] . *xjliu@wipm.ac.cn
